Copper is an important industrial catalyst. The ability to manipulate the oxidation state of copper clusters in a controlled way is critical to understanding structure-reactivity relations of copper catalysts at the molecular level. Experimentally, cupric oxide surfaces or even small domains can only be stabilized at elevated temperatures and in the presence of oxygen, as copper can be easily reduced under reaction conditions. Herein bilayer silica films grown on a metallic substrate are used to trap diluted copper oxide clusters. By combining in situ experiments with first principles calculations, it is found that the confined space created by the silica film leads to an increase in the energy barrier for Cu diffusion. Dispersed copper atoms trapped by the silica film can be easily oxidized by surface oxygen chemisorbed on the metallic substrate, which results in the formation and stabilization of Cu 2+ cations.
methanol from syngas [3, 4] . Cu cations stabilized on mixed oxides or zeolites have been shown to be highly active for automotive emission controls [5, 6] and small clusters of copper oxide in zeolites have been shown to be promising catalysts for directly converting methane into methanol. A central challenge to understand fundamental aspects related to the chemistry of copper catalysts is that in the presence of small concentrations of oxidants Cu can be easily oxidized [7] and, in most cases, be present in more than one oxidation state [8, 9] . For this reason, it is important to prepare well-defined model systems for fundamental studies on structure-reactivity relationships. Metallic copper surfaces are readily available and homogenous cuprous oxide (Cu 2 O) films can be grown [10, 11] , but cupric oxide (CuO) surfaces [12] or even small domains [8] can only be stabilized in the presence of oxygen. The synthesis of disperse small Cu nanoclusters with different degrees of oxidation, can help to explore reactivity changes as a function of the size of catalysts.
Two-dimensional (2D) nanoporous ultrathin silicate films have been recently grown on metal substrates, in which the bilayer films interact weakly with the support [13] . These thin films can act as molecular sieves, allowing the diffusion of single Pd atoms through the film onto the interface with the underlying metal substrate while blocking Au atoms [14] [15] [16] . More recently the trapping of noble gas atoms in the nano cages of the silicate film has been demonstrated [17] . The presence of the film has been shown to passivate the oxidation of the underlying metal substrate, due to changes on the chemistry at the confined interface [18] , where the thickness of the space at the silicate/metal interface can be tuned by the type and concentration of adsorbed molecules on the Ru(0001) surface [19] .
In this study, small amounts of diluted copper atoms are deposited onto 2D silica films. By combining experimental and computational results, it is shown that a high concentration of oxygen at silica/Ru(0001) interfaces stabilizes clusters with Cu 2+ sites at room temperature by limiting its mobility on the surface. Furthermore, the highly oxidized copper clusters remain stable under ultra-high vacuum conditions without the need of an oxygen atmosphere.
Experimental and Computational Methods
The Ru(0001) single crystal was held tightly using a Ta loop embedded in a groove machined around the crystal edge. The Ta loop was attached directly to the manipulator feedthrough which was used for both mechanical support and heating/cooling. The sample temperature was measured by a K-type thermocouple attached to the top edge of the crystal. The Ru(0001) single crystal surface was cleaned with several cycles of Ar + sputtering and annealing at 1200 K. It was then exposed to 3 × 10 −6 Torr O 2 at 1200 K in order to form a (2 × 2)-3O/Ru(0001) surface. The silica bilayer film, from now on referred to as 2D-SiO 2 , was grown on the (2 × 2)-3O/Ru(0001) surface as described in detail elsewhere [20] . Briefly, the 3O(2 × 2)-Ru(0001) phase was prepared by oxidizing the clean surface in 3 × 10 −6 Torr of O 2 at 1200 K for 5 min, cooling to 500 K and then evacuating the chamber. To grow the 2D-SiO 2 film, Si was thermally evaporated onto the (2 × 2)-3O/Ru(0001) surface at room temperature under 2 × 10 −7 Torr O 2 , followed by the oxidation at 1200 K in 3 × 10 −6 Torr O 2 for 10 min and then slowly cooled down under the same O 2 pressure. Cu was deposited at room temperature in UHV condition by heating a Cu wire loop or by using a SPECS EBE-4 evaporator and a quartz crystal microbalance to control the amount of metal deposited. The amount of Cu deposited on the silica film was measured by Auger or XPS spectroscopy. High-purity CO (GTS-WELCO, 99.999%) and O 2 (GTS-WELCO, 99.9999%) gases were further purified in liquid nitrogen traps prior to being dosed into the high-pressure cell. Infrared reflection absorption spectroscopy (IRRAS) experiments were performed in a combined UHV surface analysis chamber and elevated-pressure reactor/IRRAS cell system. The surface analysis chamber is equipped with Auger electron spectroscopy (AES). The elevated-pressure cell is coupled to a commercial Fourier transform infrared (FT-IR) spectrometer (Bruker, IFS 66v/S) for IRRAS experiments. The sample was exposed to CO by backfilling the IRRAS cell via a precision leak valve. IRRA spectra were collected at 4 cm −1 resolution using a grazing angle of approximately 85° to the surface normal. AP-XPS measurements were carried out at the Coherent Soft X-ray Scattering and Spectroscopy beamline (CSX-2) of the National Synchrotron Light Source II (NSLS-II). The main chamber (base pressure 2 × 10 −9 Torr) of the end-station was equipped with a differently pumped hemispherical analyzer (Specs Phoibos 150 NAP), which was offset by 70° from the incident synchrotron light. The sample surface normal is 20° off the axis of the electron analyzer.
DFT calculations were performed using the Vienna Ab initio simulation package (VASP) [21, 22] . The consistent exchange van der Waals density functional (vdW-DF-cx) [23, 24] was used to describe the non-local vdW interactions in the silica/Ru(0001) heterojunction. The substrate of the silica/Cu/Ru(0001) system was modeled by five layers of Ru in a 2 × 2 supercell (a = 5.392 Å and b = 9.339 Å) and a 4 × 2 supercell based on different Cu concentrations. In the surface normal direction, a super cell size of c = 27 Å was used to ensure the vacuum region to be at least 10 Å thick. The kinetic energy cutoff of 800 eV was used, together with an 8 × 4 × 1 and a 4 × 4 × 1 k-point grid for the Brillouin zone sampling of the 2 × 2 and the 4 × 2 supercell, respectively. The silica film and the top two layers of the substrate were relaxed during the structure optimization until forces were smaller than 0.02 eV/Å. Harmonic vibrational frequencies of CO were calculated using the finite displacement method as implemented in VASP. All degrees of freedom of CO molecules were included with a step size of 0.015 Å. Figure 1 shows Auger spectra from the sequential steps followed to deposit a small amount of Cu on an oxygen-rich 2D silica film. The green line in Fig. 1 presents the spectrum for the Ru(0001) substrate, showing the main Ru features in the energy range of 100-300 eV [25] . The black spectrum corresponds to the (2 × 2)-3O/Ru(0001) surface prepared as described in the experimental section, where the presence of O is shown at 508 eV [26] . The blue spectra corresponds to the as-deposited silica film on Ru(0001), containing fully oxidized silicon Auger peaks at 63 and 79 eV [25] , attenuated Ru peaks from the substrate and the feature related to oxygen at the interface and from the SiO 2 film. The bottom (red) spectrum corresponds to the sample after the Cu deposition on the silica film. To highlight the signal from the small amount of copper, the inset in Fig. 1 is used to zoom in the region at 700-1000 eV before (blue spectrum) and after (red spectrum) the Cu deposition at room temperature on the silica film. From the Auger spectroscopy, we measured the Ru/SiO 2 ratio before and after the Cu deposition and we did not notice any significant difference. Based on the intensity of the observed features and using the corresponding Auger sensitivity factors of Si and Cu, the coverage of Cu atoms is calculated to be ~ 1% ML.
Results and Discussion
The oxidation state of Cu was investigated by in situ IRRAS, using CO as a probe molecule (Fig. 2) . All spectra are taken under 1 Torr of CO. The vibrational frequency of CO is very sensitive to the adsorption site. Of particular interest in our case is the adsorption of CO on Cu n+ . The intense signal of CO allows differentiating oxidation states and changes in the local environment. Moreover, the permeability of CO through the nanoporous silica film and adsorption on Ru(0001) are well documented in the literature [27, 28] . The top (green) spectrum for CO adsorption on the clean Ru(0001) sample shows the two broad rotational bands from gas phase CO, and a sharp strong feature at 2067 cm −1 . This is in agreement with previously reported CO adsorption spectra on clean Ru(0001) by Emmez et al. [27] , where at 100 K and 10 −8 mTorr of CO a signal appears first at 1995 cm −1 , and then continuously shifts to 2060 cm −1 upon increasing the CO coverage until saturation is reached. The next (black) spectrum in Fig. 2 corresponds to a (2 × 2)-3O/ Ru(0001) surface exposed to CO. A small peak is evident at ~ 2070 cm −1 . The low CO population on Ru sites is related to the oxygen layer that blocks the adsorption of CO. This is well established in the literature, where it is reported that (0001); (purple) the difference between the black and red spectrum. Lines indicating the frequencies associated in the literature with adsorption of CO on Cu 2+ and Cu + sites are included for reference UHV annealing (1100 or 1275 K) results in oxygen desorption and the sites available for CO adsorption are restored [17] . The next (blue) spectrum in Fig. 2 corresponds to a Cu/ (2 × 2)-3O/Ru(0001) surface exposed to CO. The Cu coverage is approximately ~ 1%, as estimated by AES. The IRRA spectrum shows a small feature at ~ 2111 cm −1 . This feature is hard to distinguish since it overlaps with the rotational band due to absorption from gas phase CO, but its presence is evident when comparing with the spectrum under the same conditions but without Cu present (black spectrum in Fig. 2 ). This feature can thus be assigned to CO adsorbed on Cu sites.
In order to aid the assignment, we include in Fig. 2 (doted lines) the peak position of features assigned to CO adsorption on Cu + and Cu 2+ sites during in situ IRRAS CO + O 2 (in the presence of 30 mTorr CO with 15 mTorr O 2 ) experiments on Cu(111) [8] . According to Xu [8] and Hollins and Pritchard [29] the peak at 2115 cm −1 can be assigned to CO adsorbed on disordered Cu 2 O (Cu + ) surfaces, while peaks at ~ 2105 cm −1 can be assigned to CO adsorbed on undercoordinated Cu 0 sites [30] . Based on these assignments, we can associate the 2111 cm −1 peak to the presence of small copper clusters with exposed Cu + sites, although undercoordinated Cu 0 cannot be fully ruled out. In addition to the aforementioned feature corresponding to CO adsorption on Cu sites, a sharp peak is observed at 2067 cm −1 (blue spectrum), coincident with the peak for CO adsorption on metallic Ru(0001) sites (green spectrum). This indicates that the deposition of Cu increases the number of exposed metallic Ru sites as compared to the (2 × 2)-3O/Ru(0001) surface (black spectrum). This implies that the deposited Cu partially reduces the (2 × 2)-3O/Ru(0001) surface leaving patches of bare Ru(0001) for CO adsorption. That oxygen "stolen" from the ruthenium surface explains the presence of partially oxidized copper clusters containing Cu + sites. Note that the small amount of Cu on the surface would not completely account for the relatively large amount of CO adsorbed on Ru(0001) sites. This can be explained by considering that once some of the bare ruthenium has become available for CO adsorption, CO can adsorb and further reduce adjacent Ru sites.
The deposition of Cu on 2D silica films grown over a (2 × 2)-3O/Ru(0001) surface was ultimately studied. The presence of a bilayer 2D silica structure was confirmed by a characteristic phonon vibration at 1300 cm −1 in the IRRA spectrum (see Supp. Info S1). Note that the presence of this phonon using vibrational spectroscopy is currently the best way to unequivocally verify the presence of the bilayer structure. Several other possible silica structures such as 1D stripes, [31] monolayer and 3D amorphous films have very different signature peaks in the vibrational spectra [32] . The second from the bottom (red) spectrum in Fig. 2 corresponds to the system Cu/2D-SiO 2 /(2 × 2)-3O/Ru(0001) under 1 Torr of CO. It has been shown that CO can adsorb at the oxygenfree 2D-SiO 2 /Ru(0001) interface, but the addition of oxygen to the interface blocks CO adsorption. A broad weak feature is observed at ~ 2067 cm −1 , indicating the presence of a small number of Ru sites available for CO adsorption when Cu is deposited onto the 2D silica/(2 × 2)-3O/Ru(0001) film. Clear changes are observed in the spectra on both sides of the deep in the spectrum associated with the rotation bands from gas phase CO at 2140 cm −1 . By subtracting the spectrum related to the exposure of an O-Ru(0001) surface (second from top, black) to the same 1 Torr of CO, the gas phase contribution to the spectrum can be removed, resulting in a weak feature centered at 2145 cm −1 (bottom, purple). Based on assignments from the literature discussed above, where Cu + and Cu 2+ sites can be identified with CO IR features at 2115 and 2148 cm −1 respectively, associated with features at, this new feature at 2145 cm −1 can be associated with the formation of highly oxidized Cu clusters (Cu 2+ ). It is important to notice that this oxidized copper clusters are stable under UHV, and required elevated CO pressures to be observed due to their weak interaction with the probe molecule. IRRA spectra as a function of increasing CO pressure is included in the supplemental information (see Supp. Info. S2). Figure S2 also shows the reversible and weak nature of the CO adsorption on oxidized Cu clusters, where removing the gas phase CO leads to a spectrum containing only a small feature associated with CO adsorption on Ru sites.
In order to determine the oxidation states of Cu of O/ Ru(0001) surface, further IRRAS experiments were carried out under CO oxidation conditions for the Cu/(2 × 2)-3O/ Ru(0001) system without a 2D-SiO 2 film (Fig. 3) . First, under 15mTorr of O 2 (Fig. 3a) , no peaks are observed as expected. This is followed by the addition of 30 mTorr of CO to the 15 mTorr of O 2 where a peak at 2109 cm −1 appears (Fig. 3b) . This peak remains constant for at least 30 min under reaction conditions (Fig. 3c) , and can be associated to the presence of copper clusters containing Cu + and Cu could indicate the presence of Cu clusters with Cu + sites. The clearest change in the spectrum is associated to the appearance of a peak at ~ 2148 cm −1 . As described above, this can be associated to the formation of clusters with fully oxidized Cu 2+ sites. Spectra 4D-4H show the evolution with time where both features become slightly more intense and are stabilized after 20 min. Spectrum 4I was taken after evacuation showing only a very small amount of CO adsorbed Ru(0001), evident by a small peak at 2076 cm −1 . Spectrum 4J was taken under 50 mTorr CO and included for comparison, where there is no O 2 gas present but Cu 2+ is still present as evident by the 2148 cm −1 feature in the spectrum. Note that the formation of Cu 2+ has been reported in literature [8] , but only under the presence of O 2 in addition to CO. In the study presented here, Cu 2+ sites remain stable even in the absence of O 2 in the Cu/2D-SiO 2 /(2 × 2)-3O/ Ru(0001) system. Figure 5 shows XPS core level spectra taken for 2D-SiO 2 / (2 × 2)-3O/Ru(0001) and Cu/2D-SiO 2 /(2 × 2)-3O/Ru(0001), using a photon energy of 650 eV. [33] . After the Cu deposition the O 1s peak from the Si-O-Si moieties shifts to higher binding energy by ~ 0.48 eV, while the position of the O 1s peak from chemisorbed oxygen does not change. This indicates that copper reacts with some of the chemisorbed oxygen, reducing the effective coverage of O at the interface and thus inducing a shift in the O 1s peak from the 2D-SiO 2 . The origin of this shift has been described before by Wang et al. [34] , and it is further addressed below. The Cu/2D-SiO 2 / (2 × 2)-3O/Ru(0001) surface was subsequently exposed to 1 Torr of CO. The blue spectra in Fig. 5a -c were taken after exposure to CO. The presence of CO increased the shift in the O 1s peak by ~ 0.64 eV compared to the 2D-SiO 2 / (2 × 2)-3O/Ru(0001) surface. Likewise, the Si 2p core level (Fig. 5b) shows the same shifts as the O 1s from 2D-SiO 2 [34] . However, in the case described by Wang et al., the shifts are related to desorption of chemisorbed oxygen and thus there is an associated decrease in the intensity of the 529.8 eV peak. In our case, copper "steals" some of the chemisorbed oxygen from Ru(0001), inducing the shifts, but the oxygen does not desorb, so the integrated area of the ~ 529.8 eV peak does not decrease, but its binding energy shifts slightly upwards. This is in agreement with the formation of CuO and Cu 2 O clusters, which have O 1s binding energies at 529.9 and 530.8 eV respectively [35] . It is also consistent with the IRRAS data showed above where CO adsorption experiments suggested the presence of copper clusters with both Cu + and Cu 2+ sites. Note that in addition to the effect of copper "stealing" oxygen from Ru(0001), the presence of positively charged copper on the surface would have a similar effect as oxygen removal, and the actual observed shifts could be interpreted as a combination of these two effects. The Ru 3d region, which overlaps with C 1s, is shown in Fig. 5c . Ru 3d 5/2 at 280.4 eV and Ru 3d 3/2 at 284.1 eV peaks are observed. The Ru 3d 5/2 peak in the black curve, from 2D-SiO 2 /(2 × 2)-3O/Ru(0001), can be deconvoluted into two peaks, where the lower binding energy peak is due to the surface core level shift (SCLS) of the Ru 3d states of the surface atoms relative to the bulk Ru atoms [28] . No clear difference is observed in the Ru 3d 5/2 peak upon deposition of copper (Fig. 5c) , while the presence of CO results in the disappearance of the SCLS peak.
Based on the IRRAS experiments comparing CO adsorption on Cu/O/Ru(0001) and Cu/2D-SiO 2 /O/Ru(0001), Cu atoms trapped in the later system have overall higher oxidation state (Cu 2+ ) than Cu in Cu/O/Ru(0001) (Cu + ). In order to explain how the presence of the silica film on Ru(0001) affects the oxidation state of Cu atoms, we performed density functional theory (DFT) studies for Cu/O/Ru(0001) with and without the silica film. We quantified oxidation states of Cu atoms using Bader charge analysis [36] . Although the Bader charge analysis tends to underestimate the oxidation state due to the charge-self regulation mechanism [37] , it gives us the qualitative trend to compare with the experimental results.
It has been well established that the Cu atoms tend to cluster on the O/Ru(0001) surface [38] , which could lead to lower oxidation states of Cu atoms. [34] , which is consistent with the XPS measurements described above where the O 1s binding energy increases by 0.48 eV upon the adsorption of Cu atoms (Fig. 5a) .
The effects of the O Ru distribution on the oxidation states of Cu atoms were further studied. Two atomic models with Θ = 0.25 are shown in Fig. 7 to represent a possible Cu coverage after the silica film deposition. Both systems have the same amount of O coverage, which correspond to 0.5 ML in the experiment. However, the O distributions are different in these two systems. In Cu 1 /(SiO 2 ) 16 /8O cluster / Ru (Fig. 7a) Based on the above analysis, both Cu and O Ru distributions have a strong impact on the oxidation state of the surface Cu, while the spatial confinement from the silica bilayer alone has a marginal impact. A likely explanation of the increased oxidation state for Cu with the presence of the silica bilayer is that the silica film creates a higher diffusion barrier for Cu atoms. Cu atoms may not easily pass across the edges of nano-cages at the interface. Consequently, this high diffusion barrier would prevent Cu atoms from clustering and make the distribution of Cu atoms more dispersed than on the system without the silica film.
To validate this model, we compare the Cu diffusion pathway and energy barriers on the 4O/Ru surface and at the (SiO 2 ) 8 /4O/Ru interface using the climbing image nudged elastic band (CI-NEB) method [40] . The diffusion of a Cu atom from an hcp hollow site to the nearest hcp hollow sites is studied. The minimum energy path (MEP) is shown in Fig. 8 . On the 4O/Ru surface, the fcc site of the Ru surface is a metastable state, while the bridge site is the transition state. The energy barrier (ΔE) for Cu diffusion is 0.20 eV. The diffusion of Cu atoms on 4O/Ru(0001) is similar to that of Pd and Pt atoms on the Ru(0001) surface, where similar MEP was reported and ΔE for Pd and Pt were 0.16 and 0.25 eV, respectively [41] . In contrast, Cu atoms need to cross the edges of the nano-cages at the (SiO 2 ) 8 /4O/Ru interface to diffuse. Due to the repulsion from the O and Si atoms of the silica film, the preferred diffusion pathway does not go through the fcc site. Instead, Cu atoms move under the bond center of the O and Si atoms, which becomes the transition state. As a result, ΔE for Cu diffusion increases to 0.29 eV at the (SiO 2 ) 8 /4O/Ru interface. The increase in ΔE and the change in the transition state support our argument that silica bilayer prevents surface Cu atoms from clustering, which results in a higher oxidation states of Cu atoms at the (SiO 2 ) 8 /4O/Ru interface. Note that this analysis is done for a single Cu atom. If the Cu atoms react with oxygen, as expected, the diffusion barrier would be even large due to chemical and steric constraints. calculated from vdW-DF2 functional [42] . Compared with the experimental anharmonic vibrational frequency of ν = 2143 cm −1 [43] , calculated ν from vdW-cx tends to be softer by 1.26%. Therefore, all the calculated vibrational frequencies for CO on Cu atoms are scaled by 1.26%. The structures with CO adsorbed on Cu 3_cluster /4O/Ru and Cu 1 / (SiO 2 ) 16 /8O cluster /Ru are shown in Figure S3 A and Figure  S3 B. The CO coverage (Θ CO ) in CO/Cu 3_cluster /4O/Ru is 1/3, which is defined as the number of adsorbed CO atoms per Cu atom. When CO molecules are adsorbed on Cu 3_cluster /4O/ Ru, ν decreases to 2099 cm −1 , which is consistent with the 2109 cm −1 peak from Fig. 3 . This is because of the electron back-donation from Cu to the CO 2π* anti-bonding orbitals [44] , which increases the CO bond length to 1.151 Å. The frequency of ν = 2099 cm −1 on Cu 3_cluster /4O/Ru is close to the experimental vibrational frequency of 2100 cm −1 for CO on under coordinated surface sites from Cu(211) [8] . It further supports our argument that the oxidation state of Cu atoms on Ru(0001) surface is a combination of metallic Cu and partially oxidized Cu 1+ with a calculated Δq of 0.16 e − . In CO/Cu 1 /(SiO 2 ) 16 /8O cluster /Ru with Θ CO = 1, due to the decrease on the Cu cluster size and the increase in the surrounding O atoms in Cu 1 /(SiO 2 ) 16 /8O cluster /Ru, the effective Cu oxidation increases towards Cu 2+ , with a corresponding to Δq of 0.84 e − in the DFT calculation. Consequently, the electron back-donation from Cu to the CO 2π* orbital decreases, which decreases the CO bond length to 1.150 Å and increases the vibrational frequency to 2134 cm −1 in CO/Cu 1 /(SiO 2 ) 16 /8O cluster /Ru, close to the 2145 cm −1 peak observed in Fig. 4 that shows the stabilization of oxidized Cu 2+ under the silica pre-covered Ru(0001) surface. Compared with Cu 3_cluster /4O/Ru, the increase in ν is 35 cm −1 , which is in agreement with the increase of 39 cm −1 from IRRAS.
Conclusions
Deposition of copper on a 2D-SiO 2 film leads to the formation and stabilization of small highly oxidized Cu clusters. Without the confinement introduced by the SiO 2 /Ru(0001) film to adsorbed Cu atoms, Cu adsorbed on oxygen terminated Ru(0001) agglomerates and becomes only partially oxidized. We performed DFT calculations to compare the charge state of Cu atoms with and without silica films. The increased oxidation states of Cu atoms in the presence of the deposited silica films can be explained by a decrease on surface mobility. The silica bilayer prevents surface Cu atoms from clustering, and thus makes them more disperse. These disperse Cu atoms can be fully oxidized by chemisorbed oxygen and the resulting oxide clusters do not decompose under vacuum conditions. 
